Influenza A virus (IAV) activates the human neutrophil, but induces a dysfunctional state as well. Cell activation may contribute to the containment of the virus and/or cause local tissue damage. Certain features of the neutrophil activation response elicited by IAV are distinctive when compared with that triggered by formyl-methyl-leucyl-phenylalanine (FMLP). An atypical respiratory burst response occurs in which hydrogen peroxide, but no superoxide, is formed. This unusual respiratory burst stoichiometry persists despite marked priming of the IAV-induced response. A comprehensive examination of the activation cascade initiated by these stimuli failed to show an explanation for these differences. Both IAV and FMLP comparably stimulate inositol trisphosphate and phos-NFLUENZA A VIRUS (IAV) has a complex and I clinically relevant interaction with the human neutrophil. There is evidence that both neutrophils and mononuclear phagocytes play a protective role for the unimmunized host in combatting IAV infection. In humans and ferrets, neutrophils are the predominant inflammatory cell present in the IAV-infected upper airway.' The ferret model of in vivo IAV infection has been extensively studied because the clinical syndrome closely parallels that seen in humans.' In this model, the influx of neutrophils correlates temporally with the production of endogenous pyrogen and a decline in virus titers in upper airway secretions. Neutrophils also have been shown to play a role in host defense against IAV in a murine infection modeL3 Human neutrophils not only adhere specifically to IAV-infected epithelium: but are activated to mount a respiratory burst by the unopsonized virus. This effect can be contrasted to the case of herpes simplex virus that binds but does not activate neutrophils unless specific antibody is p r e~e n t .~ In addition to the issue of virus containment: there are likely adverse sequelae of IAV infection of the phagocyte. The respiratory burst response probably contributes to the extensive airway epithelial damage characteristic of the flu'; evidence is derived from the murine model, in which conjugated superoxide dismutase exerts a protective effect in IAV-induced pne~monia.~ The neutrophil respiratory burst response to IAV has also been shown to promote viral mutation in an in vitro model.' An additional adverse effect is the induction of phagocyte dysfunction by IAV? This effect is observed both in vivo and in vitro and is likely to be a major cause for the bacterial superinfections that occur in IAV-infected subjects. These superinfections contribute substantial morbidity and are the principal cause of mortality during flu epidemics. The mechanism(s) accounting for IAV-induced neutrophil deactivation are incompletely understood, although a global state of cellular dysfunction and impairments in most aspects of cellular signal transduction have been described.Io3" Both activation" and dea~tivation'~ of the neutrophil by IAV appear to be mediated by the viral hemagglutinin, suggesting that the two phenomena may be related.
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Our prior studies showed that certain features of the activation response to IAV are distinctive compared with phatidic acid production. The subsequent increase in intracellular calcium (Ca",) upon FMLP stimulation was more dependent on extracellular Ca2+ than with IAV activation, but both stimuli induced Ca2+ influx. FMLP and IAV exhibited equal susceptibility to inhibition by protein kinase inhibitors in eliciting the respiratory burst, and actin polymerization occured in response to each agonist. A possible explanation for the anomalous respiratory burst induced by IAV is that 0,-is generated at an intracellular site inaccessible to assay, and/or virus binding to sialic acid contituents of the plasma membrane alters the 0,-generating capacity of the respiratory burst oxidase; evidence for each mechanism is offered. 0 1992 by The American Society of Hematology.
the response elicited by chemoattractants, including (1) an aberrant respiratory burst in which hydrogen peroxide (H202) but no superoxide (OzJ is generated; (2) activation of phospholipase C (PLC) in a pertussis toxin (PT)-insensitive manner; and (3) a reduced requirement for extracellular Ca2+ for generating a Ca'+, or H,O, re~p o n s e . '~"~ The current studies were undertaken to further characterize the human neutrophil activation response to unopsonized IAV in vitro by detailed comparison to the well-characterized response elicited by the bacterial chemotactic peptide, formyl-methyl-leucinyl-phenylalanine (FMLP). Because FMLP does not deactivate the neutrophil as does IAV (our unpublished data), we hoped that these experiments might highlight salient differences in the activation response cascade between the two agonists that account for deactivation. The methods of comparison used include testing the effects of priming agents and metabolic inhibitors on the respiratory burst and other responses, to both IAV and FMLP, as well as the direct measurement of putative signal transduction mediators or functional responses elicited by these agonists.
Fura-2 AM, BAPTA-AM, bisoxynol, and NBD-phallacidin were purchased from Molecular Probes (Eugene, OR). Ficoll-Paque and dextran citrate (Pharmacia Fine Chemicals, Piscataway, NJ) and [3H] alkyllyso phosphatidyl dioline (lyso-platelet activating factor; Amersham, Arlington Heights, IL) were purchased from their respective distributors. Organic solvents were obtained from Fisher Scientific (Fairlawn, NJ).
HIUS and Buffer Preparation
The naturally occurring IAV strain H,N, A/Texas/77 (Texas 77) was grown in allantoic cavities of 10-day-old embryonated hen's eggs and purified on sucrose gradients as described." Virus stocks thus obtained were stored at -70°C. Virus stocks varied between 1:1,600, 1:4,000, and 1:6,400 hemagglutinin units (HAU). Corresponding protein concentrations were 316, 466, and 600 kg/mL, respectively. For maximal neutrophil activation, 75, 50, or 25 kL, respectively, of 1:1,600, 1:4,000, or 1:6,400 HAU stocks were used. Dulbecco's modified phosphate-buffered saline (PBS; Flow Labs, McClean, VA) served as the control buffer. This buffer contains 137 mmol/L NaCI, 8 mmol/L Na,HPO,, 1.47 mmol/L KH,PO, (pH 7.4), 2.68 mmol/L KCI, 0.9 mmol/L CaCl,, and 0.24 mmol/L MgSO,. In certain experiments, the CaC1, and MgSO, were deleted.
Neutrophil Function Studies
Neutrophils from healthy volunteer donors were isolated to greater than 95% purity, as described,'" and used within 5 hours of preparation. Counts of viable cells were obtained using the exclusion of trypan blue. Viral infection had no notable effect on cell viability during the time span of these experiments. H,O, production was measured by the oxidation of scopoletin as previously described.".l6 Superoxide (02-) generation was measured by the SOD-inhibitable reduction of ferricytochrome-C." Neutrophil membrane depolarization was assessed using the extracellular fluorescent probe biosoxynol as described.I4 Intracellular Ca2+ responses were measured using neutrophils loaded with the fluorescent probe Fura-2 AM as detailed previously."
Actin Polymerization Assays
Two assays were used to measure changes in actin polymerization: (1) the nitrobenzo-oxadiazole (NBD)-phallacidin extraction assay described by Howard et all7; and (2) a DNAase inhibition assay." These assays provide complementary information, the former measuring the amount of F-actin (or polymerized actin) and the latter measuring the amount of cellular G-actin (or actin monomer). In the NBD-phallacidin assayI7 neutrophils (5 X lo6 cells/mL/sample) were stimulated with IAV, FMLP, or control buffer for varying periods of time at 37T, after which the reaction was stopped by addition of 0.11 mL of 37% formalin to the cell suspension. The samples were then left at room temperature for 15 minutes, followed by washing and resuspension in 1 mL of a lysophosphatidylcholine solution (5 mg/50 mL PBS) to which 50 pL of NBD-phallacidin solution (100 p/mL PBS) was added. After another 15 minutes of incubation at 37T, the cells were washed and each aliquot resuspended in 2 mL of methanol for 1 hour. The flourescence of the supernatant was measured using a PerkinElmer (Oak Brook, IL) spectrophotofluorimeter (LS 3 model; excitation 465 nm, emission 510 nm). The results were expressed as the relative fluorescence increase in stimulated samples as compared with unstimulated controls.
The DNAase I inhibition assay" exploits the ability of actin monomers to inhibit the degradation of DNA by DNAase. Briefly, either IAV (50 pL of a 1:4,000 HAU stock) or FMLP (0.5 kmol/L) was added to a 1 mL suspension containing 2.5 x lo6 neutrophils at 37°C and allowed to react for various times as indicated. The reaction was then stopped by the addition of 0.11 mL of 37% formaldehyde to the cell suspension. The samples were kept at room temperature for 15 minutes and then resuspended in 500 kL of lysis buffer (composed of 200 )LL of 10% Triton-X [Sigma, St Louis, MO] in 9.8 mL of a 80 kg/mL double-stranded calf thymus DNA solution). DNAase (10 kL of 0.1 mg/mL stock of bovine pancreas DNAase I) was then added to samples while absorbance at 260 nm was continuously recorded (Perkin-Elmer spectrophotometer, model 556).
The initial rate of DNA hydrolysis was measured by the slope of the curve showing the changes of optical density (OD) at 260 nm, recorded on a Perkin-Elmer spectrophotometer (model 559). In control experiments, 50 to 100 pLof the lysis buffer was substituted for the actin-containing sample. The initial rates of the reaction with different amounts of standard G-actin solution were also measured. The amount of G-actin in the sample was expressed per amount of total protein in the sample, measured with a Pierce BCA protein assay (Pierce, Rockford, IL). A potential difficulty of this method lies in the calculation of the G-actin concentration. In previous studies it was assumed that the amount of G-actin in a sample is proportional to the percent of inhibition of DNAase. However, deliberate care must be taken to determine experimental conditions when inhibition is a linear function of inhibitor concentrations. Thus, we used Michaelis-Mentin equations for noncompetitive inhibitor reactions to calculate the amount of actin in the samples, assuming that actin acts as a noncompetitive inhibitor at least at high concentrations of the substrate and relatively low concentrations of DNAase. G-actin concentration in a sample was calculated from the expression:
where Vinh is the initial rate of the reaction in the presence of inhibitor; Vmax is the highest rate of the reaction, independent of the inhibitor in the case of the noncompetitive inhibitor; Km is the Michaelis constant; [SI is an initial concentration of substratum; Ki is the dissociation constant for enzymeinhibitor complex; and [I] is a concentration of the inhibitor (G-actin).
The initial rate of the reaction without inhibitor (Vo) is a simple calculation from the control experiment, when the lysis buffer is added instead of a sample. The expression above may then be simplified to:
Km, which may be found from the experiment with standard concentrations of G-actin. In our conditions, "A" varied between 2 and 8, depending on DNAase activity.
Phosphatidic Acid (PA) Assay
The assay for PA was performed essentially as described by Pai et al.I9 Freshly isolated human neutrophils were incubated for 75 minutes at 37°C with ['HI alkyl-lyso phosphatidyl choline (lyso platelet-activating factor) at a concentration of 5 kCi/107 cells/mL buffer (HEPES 25 mmol/L, NaCll25 mmol/L, MgCl, x 6 H,O 0.7 mmol/L, EGTA 0.5 mmol/L, and glucose 10 mmol/L, pH 7.2). After incubation, cells were washed in the same buffer without the radioactive probe, then resuspended for assay in PBS with Ca2+ and Mg". Neutrophils were then stimulated with IAV (50 pL of a 1:4,000 HAU stock/mL of cell suspension) or FMLP (0.5 pmol/L). The reaction was then stopped at indicated times by the addition of 3 mL of the mixture chloroform/methanol/acetic acid (25:50:1 by volume) to each 2 mL of cell suspension. The reaction mixture was then centrifuged for 10 minutes at 5,000 rpm, the organic layer aspirated, dried under nitrogen, and dissolved in chloroform/ toluene (1:l by volume). After adding 1 pL of a 25 mg/mL solution of PA (Avanti Polar Lipids, Birmingham, AL) to each sample, For personal use only. on November 11, 2017. by guest www.bloodjournal.org From aliquots were applied to thin layer chromatography plates (Brinkman Instruments, Westbury, NY) and developed in chloroform/ methanol/petroleum ether/n-butanol/acetic acid (33:3:2:21 by volume). The PA band was identified using molybdenum blue spray and carefully scraped from the plate for scintillation counting.
IP, Assay
A tritiated IP, assay system was obtained from Amersham Corp (Chicago, IL) and was performed according to product specifications. Neutrophils (1.5 X lo7 cells) were suspended in 400 pL of PBS, warmed for 5 minutes, and then stimulated with either IAV (50 pL of a 1:6,400 HAU stock) or FMLP (lo-' mol/L). The reaction was then stopped at designated times by the addition of 400 pL of 10% trichloroacetic acid (4°C). The samples were then placed on ice for 20 minutes, allowed to sediment, and the supernatants were subjected to three ether extractions. After ether evaporation and pH titration, the amount of IP3 in the supernatants was determined by competition with radiolabeled [H'JIP, for binding to a 1,4,5, IP,-specific binding protein as compared with competition by dilutions of an IP, standard. Calculations are based on net differences from virus controls at time zero.
RESULTS

Priming of the Respiratory Burst Response to IAVand FMLP
To determine if the respiratory burst stoichiometry of H,O, and 0,-production might be normalized in IAVstimulated neutrophils, we investigated whether priming might induce 0,-generation on full activation. As priming agents, we used Cyto-B (5 pg/mL), ionomycin (10 to 50 nmol/L), or PMA (1.25 ng/mL), which at these concentrations elicited no H,O, or 0,-production. After 5 minutes of exposure to these agents, stimulatory amounts of IAV were added and H,O, or 0,-measured. The results of the H,O, experiments are depicted in Table 1 . The maximal rate of H,O, production induced by IAV was significantly enhanced, and the lag time before H,O, production was significantly reduced by prior exposure to priming concentrations of each of the agents used. Adding EGTA (3 mmol/L) along with ionomycin resulted in no enhancement of H,O, production (Table l), indicating that the priming effect of ionomycin resulted from Ca" influx. Note also that FMLP-induced (like IAV-induced) H,O, responses were enhanced by all single priming agents and were additively increased by the combination of Cyto-B and ionomycin. Despite the marked priming of IAV-induced H,O, production observed in these experiments, IAV was not found to elicit 0,-release under any of these circumstances (Fig 1  and data not shown; three to five experiments were performed for each priming condition).
Comparison of Signal Transduction Events Triggered by IAV and FMLP
To extend the characterization of the neutrophil response to IAV, we sought to compare the activation cascade of virus with FMLP. We first examined the effect of protein kinase inhibition by using staurosporine, a potent inhibitor of tyrosine kinases, protein kinase C, and other protein kinases.m.2' Strong parallels between the effect of this inhibitor on activation by FMLP and IAV were seen. Two different preparations of staurosporine (Boehringer-Mannheim, Indianapolis, IN, and Kamiya Biomedical, Thousand Oaks, CA) were used and were found to have similar potency in inhibiting H,O, responses to PMA. The incubation of neutrophils for 5 minutes at 37°C with 50 nmol/L staurosporine led to 85% to 100% inhibition, while 25 nmol/L caused approximately 65% inhibition (minimum of three experiments in each case). Modest inhibition of IAV-or FMLP-induced H,O, responses was seen with 50 nmol/L staurosporine (data not shown), but 100 nmol/L staurosporine caused more substantial inhibition (Table 2) . Membrane depolarization responses elicited by both agonists were similarly inhibited ( Table 2) .
PA is produced in neutrophils stimulated with FMLP, Con-A, and PMA, and has been correlated with the ability of these agonists to generate a respiratory burst?' We therefore Role of protein kinases.
Neutrophil PA production in response to L4V. Abbreviation: ND, not determined. *Neutrophils were incubated for 5 minutes at 37°C with the agents noted (final concentrations, Cyto-B 5 pg/mL, ionomycin 10 to 50 nmol/L, EGTA 3 mmol/L, and PMA 1.25 ng/mL) before addition of IAV or FMLP. The concentration of ionomycin to be used was determined daily as that which maximally primed H, O, production. No H, O, production was observed during the 5 minutes of preincubation.
tThe final concentrations of IAV and FMLP were 50 p1/2 mL of a 1 :4,000 HAU stock of virus and 0.5 pmol/L, respectively. The data are presented as mean % change 2 SEM in lag time before H, O, production and maximal rate of H, O, production. Mean control lag time and rate for IAV were 0. examined whether the unusual respiratory burst response to IAV might result from a lack of PA production. We found, however, that PA was produced in IAV-exposed neutrophils (Fig 2) . The PA values in three experiments were significantly elevated (P I .025) compared with unstimulated cells at 0.5 to 6 minutes after IAV exposure.
Comparison of Ca2+, metabolism to IAVand FMLP stimulation. A highly sensitive technique for detecting Ca2+ influx has recently been described2' that exploits the ability of manganese (Mn2+) to influx through Ca2' channels and quench Fura-2 fluorescence. As depicted in Fig 3, when Mn" is added 5 minutes after IAV, a marked decrease in fluorescence occurs, suggesting that influx is occurring. In five similar experiments, the mean reduction in Fura-2 fluorescence within 5 minutes after the addition of Mn2+ to IAV-treated neutrophils was 29% f 3%, which was similar to the 25% 2 3% decrease seen in FMLP-treated cells (P < .375), but significantly higher than the 11% f 2% decrease observed in control cells (P < .004 compared with FMLP or IAV). -100 -26 ? 6 t -81 -C 7 t -80 -C E t +Mean ? SEM percent change (n = 5) in H202 production rate (scopoletin assay) or membrane depolarization rate (bisoxynol assay) to IAV (50 pL of a 1:4,000 HAU stock), FMLP mol/L), or PMA (250 ng/mL) in neutrophils pretreated for 5 minutes with 100 nmol/L staurosporine at 37°C compared with controls. Control rates of H20, production were 0.3 and 1.1 nmol/min/4 x lo6 cells, respectively, for IAV and FMLP; control rates of membrane depolarization in arbitrary fluorescence units were 17 and 40, respectively, for these stimuli. Figure 3 also shows the effect of 5 minutes of preincubation with benzamil (an inhibitor of FMLP-induced CaZ+ influx), which caused a marked reduction in the IAVinduced Caz+, response. In three experiments, the percent reduction in the IAV-induced response was 73% f 7%, which was comparable with the 64% f 4% reduction in FMLP-induced responses (both P < .01 compared with control cells). A similar inhibitory effect on both IAV-and FMLP-induced Ca2+, responses was obtained when the neutrophils were preincubated with 2 mmol/L nickel chloride, another compound that has recently been reported to inhibit the FMLP-related Caz+ influx24 (data not shown). Note also that benzamil and nickel chloride significantly inhibited respiratory burst responses elicited by IAV and FMLP as well (data not shown), while having minimal effect on the comparable response to PMA.
The third series of experiments to compare Ca2+ influx used Fura-2-loaded neutrophils incubated in CaZf-free buffer (no added Ca2+, 1 mmol/L EGTA) and then treated with FMLP or IAV, followed 5 minutes later by the addition of a Ca2+ bolus (final concentration, 1 mmol/L CaZ+); both IAV-and FMLP-treated cells showed an enhanced Ca2+, increase compared with control cells (Fig  3) . The percent increase in fluorescence in IAV-stimulated cells exposed to a bolus of Ca" was 25% f 2% as compared with the 19% ? 4% increase in control cells (P I .03; n = 4). However, this IAV-related Ca2+, increase was significantly less (P < .002) than the 31% f 3% increase observed in cells that had been stimulated with FMLP. Hence, these three different methods indicate that both IAV and FMLP cause some degree of Ca2+ influx.
Several lines of evidence were also generated that indicate that IAV and FMLP elicit Ca2+ release in the cell by similar mechanisms. When IAV and FMLP were added simultaneously to Fura-2-loaded neutrophils, the peak Ca", increase achieved was no greater than that caused by FMLP alone (data not shown), indicating that IAV does not release CaZ+ from internal stores other than those mobilized by FMLP. Also, both agents cause IP, generation in the neutrophil, as we have previously shown using 3H-myo-inositol-labeled ne~trophils,'~ and now using an IP, mass assay (Fig 4) . It appears likely, therefore, that both IAV and FMLP release CaZ+,via PLC activation.
Protein kinase C activation causes inhibition of PLC activation and Caz+, mobilization in response to FMLP.25,z6 A similar effect was obtained with respect to Ca2+, mobilization by IAV (Table 3) . When neutrophils were preincubated with PMA at a concentration of 50 ng/mL, significant reductions in the Ca", increase induced by IAV and FMLP were observed. A lower dose of PMA (1.25 ng/mL) was used in the respiratory burst priming assay described above. When neutrophils were preincubated with this priming concentration of PMA, reduced Ca2+, responses to these agonists were also observed. Increasing the concentration of PMA to 250 ng/mL and lengthening the incubation to 15 minutes at 37°C nearly eliminated the subsequent Ca2+ response to IAV.
Additional evidence for a modulating effect of protein kinase C on IAV-and FMLP-induced Ca2+, responses was obtained using staurosporine. When neutrophils were preincubated with 100 nmol/L staurosporine, the peak Caz+, For Abbreviation: ND, not determined. *Neutrophils were preincubated with various concentrations of PMA for 15 minutes (in the case of the 250 ng/mL PMA experiments) or 5 minutes at 37°C. before stimulation with either IAV (50 ~L / 2 . 0 mL, 1:4,000 HAU stock), FMLP (0.5 pmol/L), or Con-A (50 pg/mL). Ca: ' responses were measured using Fura-2 as detailed in Materials and Methods. Mean SEM percent change compared with control Ca2+ increases is given. When preceded by, PMA (50 ng/mL), the reduction in the Con-A-induced Ca:+ increase was significantly greater (P < ,005) than the reduction in IAV-or FMLP-induced increases. t P < .025 compared with control.
response to IAV or FMLP was not altered, but the sustained (ie, 2 to 6 minutes poststimulation) Ca2+, level was significantly increased compared with control cells in both cases (Fig 5) .
Contribution of Factors Other Than Signal Transduction Events to the Atypical Respiratory Burst Induced by ZAV
The above experiments suggest that there may not be significant differences in the signal transduction mechanisms used by FMLP and IAV in activating the neutrophil. Therefore, we sought other ways to account for the marked difference in respiratory burst stoichiometry between these agents. Recent evidence has suggested a cytoskeletal association of the respiratory burst oxidase.,' We thus examined a potential difference in cytoskeletal assembly. Using the NBDphallacidin assay, a modest increase in actin polymerization was noted after neutrophil exposure to IAV. A peak flourescence ratio of 1.10 2 0.02 (mean 2 SEM; n = 5, P < .01) was achieved at 2 minutes after IAV exposure.
Actin polymerization response to ZAV and FMLP. Similar results, but after a more prolonged incubation, have been reported elsewhere.28 By comparison, the peak ratio after FMLP exposure was 1.38 +-0.06 (mean f SEM; n = 5, P < .01) occurring 0.5 minutes after stimulation.
The DNAase I inhibition assay measures cellular actin monomer concentrations. This assay appeared to be more sensitive in that IAV caused a 46% 2 4% (mean k SEM; n = 4) decline in neutrophil actin monomer concentration (P < .025 compared with unstimulated cell preparations) by 1 minute after exposure. FMLP induced a decline of 57% f 6% (mean If: SEM; n = 4; P I .025) at 0.5 minutes after stimulation. Control neutrophil samples had a mean of 0.5 kg/mL G actin that was not significantly altered by 1 to 3 minutes of incubation of cells at 37°C. Taken together, the two assays therefore indicate that IAV causes actin polymerization within the time course of the other activation events elicited in the neutrophil. For each assay the degree of actin polymerization caused by FMLP was significantly greater (P I .025) than that caused by IAV.
Another possible explanation is that the alteration of surface membrane sialic acid residues (through complex formation with sialic acid binding agents or removal by neuraminidase) alters the stoichiometry of the respiratory burst to favor H,O, production. Neutrophils were treated with neuraminidase for 1 hour at 37°C followed by stimulation with either IAV, FMLP, or PMA. The resulting H,O, and 0,-responses were measured in parallel on these samples. As shown in Table 4 , while neuraminidase treatment significantly reduced 0,-responses to both FMLP and PMA, H,O, production was not reduced in response to either stimulus. A marked reduction in IAV-generated H,O, was seen in neuraminidase-treated cells as we have previously reported."
* Putative intracellular site for oxidase activation. Another possible explanation for the inability to detect 0,-after IAV exposure is that the IAV-induced respiratory burst response occurs predominantly at an intracellular location. This explanation has been used to account for a similar respiratory burst pattern observed in neutrophils stimulated with histoplasma capsulatumZ9 or i o n o m~c i n ,~~ and rests on the notion that H,O, can diffuse out of the cell more readily than 02-. In the case of histoplasma, 0,-can Plasma membrane modification. For personal use only. on November 11, 2017. by guest www.bloodjournal.org From Abbreviation: ND, not determined. *The concentrations of stimuli used were the same as in Table 2 be detected if the cells are preincubated with Cyto-B, presumably because this agent prevents phagocytosis. The evidence that ionomycin causes a respiratory burst that is predominantly intracellular is more indirect. When the cells are preincubated with sodium azide, an enhanced H,O, response occurs. The azide is theorized to enter the cell and inhibit catalase and myeloperoxidase from breaking down H,O,, so that more diffuses out. As shown in Table 4 , similar findings were obtained in the case of IAV. Azide significantly enhanced the detection of H,O, in IAV-stimulated cells (but not FMLP-or PMA-stimulated cells). Because IAV is probably endocytosed (rather than phagocytosed), it is not surprising that cytochalasin-B does not alter the burst stoichiometry (see above).
DISCUSSION
This report extends our understanding of the mechanisms of neutrophil activation by IAV. Although this activation response is insensitive to inhibition by PT,I4 and results in an atypical respiratory burst response, the signal transduction cascade initiated by the virus resembles in many ways that triggered by the chemoattractant FMLP. Priming agents that enhance Caz+, availability or protein kinase C activation enhance the response to both agonists in a similar manner. Of note, despite marked priming of the H,O, response to IAV by some of these maneuvers, the virus still does not elicit any detectable 0,-release. Inhibitors of protein kinases reduce the respiratory burst response to both IAV and FMLP in a similar manner. Both agonists trigger IP, and PA production.
We focused particular attention on the Ca2+, response triggered by IAV and FMLP. We had previously been unable to show Caz+ influx in response to IAV in a radioactive influx assay that showed significant FMLPinduced influx." In addition, deletion of extracellular Caz+ has minimal or no effect on IAV-induced Ca2+ or H,O, responses while substantially inhibiting those to FMLP.14*" Given that we had shown a defect in Ca2+, mobilization in neutrophils deactivated by IAV and then stimulated with FMLP,"we speculated that a qualitative difference in Caz+ metabolism of IAV-and FMLP-stimulated neutrophils might account for the deactivation observed with virus incubation. The results reported here cast doubt on such an explanation.
While there does appear to be some difference in the relative dependence of IAV and FMLP on extracellular Ca" in activating the neutrophil, this is quantitative rather than qualitative. By three separate methods, IAV is shown to cause CaZ+ influx. It is of some interest that these assays are, therefore, more sensitive than the radioactive assay or the simple removal of extracellular Ca" as means of detecting stimulus-induced changes in cellular Ca2+ permeability.
We also provide evidence that the mechanisms of CaZ+, mobilization by IAV and FMLP are similar. Both appear to release Caz+l from the same intracellular stores via elaboration of IP,. In addition, this mobilization is modulated similarly by activation or inhibition of protein kinase C. This latter finding is of note in that protein kinase C is felt to be an important negative feedback mechanism on PLC activation by FMLP, probably by acting on the level of the PLC G-protein interaction." Thus, even though IAV activates neutrophils in a PT-insensitive manner, this feedback mechanism is still operative.
Because there are such similarities in the signal transduction events triggered by IAV and FMLP, it appears that the clearly distinctive sequelae of IAV's interaction with the neutrophil (ie, the atypical respiratory burst response and the deactivation effect) cannot be readily explained at the level of these signal transduction events. Two possible explanations for the atypical respiratory burst response have been tentatively suggested in these studies. Preincubation of neutrophils with azide significantly increases the amount of H,O, that can be detected in IAV-but not FMLP-or PMA-stimulated cells, and IAV does not cause detectable neutrophil degranulation (our unpublished data). These findings are consistent with the hypothesis that the IAV-induced respiratory burst occurs predominantly at an intracellular location. Azide enhances H,O, detection by diffusing into the cell and inhibiting granule enzymes (eg, myeloperoxidase) that remain there and might otherwise catalyze the degradation of H,O,. An effect of the virus on neutrophil membrane sialic acids may also contribute to causing an atypical respiratory burst response. Neuraminidase treatment of the neutrophil causes a less pronounced alteration in respiratory burst responses to FMLP and PMA, in which H,O, responses are unaffected (or slightly For personal use only. on November 11, 2017. by guest www.bloodjournal.org From increased), whereas 0,-production is reduced. While this result differs from some of our previous findings using neuraminadase," conditions were different in the two studies. We also have found that lectins that bind sialic acid residues on the neutrophil surface similarly engender a respiratory burst characterized by predominant H,O, genera t i~n .~' Thus, there appears to be an association between removal of, or binding to, sialic acid residues on the neutrophil surface and a shift in the stoichiometry of the respiratory burst to favor H,O, production. It should also be noted that IAV causes significantly less actin polymerization than FMLP, which may also contribute to the difference in respiratory burst responses.27
We conclude from these studies that further attempts to explain neutrophil deactivation by IAV should focus on explaining whether and how IAV interacts with neutrophil G proteins and/or how the virus alters the stoichiometry of the respiratory burst. This report is also useful in characterizing in detail the mechanisms of neutrophil activation by a physiologically relevant viral stimulus. We intend to further explore the putative role of the neutrophil in host defense against IAV in future studies.
